Abstract-The effect of channel estimation error on the performance of a Wideband code division multiple access link using a pilot channel multiplexed with the data channel is analyzed. The gain achievable by improving the channel estimation algorithm is studied. Analysis and simulation results are presented for a data-aided channel estimation scheme that effectively extends the duration of the pilot signal. Using the maximum likelihood detection principle, it is shown that making tentative minimum meansquared error decisions on the data bits using estimates obtained from the pilot channel can extend the number of samples used in the channel estimation, thus improving the channel estimate quality. Simulations show that a gain of up to 1.5 dB in blockerror rate performance is achievable using the proposed channel estimation scheme for both Convolutional and Turbo codes. It is shown that the performance gain depends on the information bit rate, the channel characteristics, including the Doppler frequency, and the multipath fading channel power delay profile. Simulation results also show that for weak paths, data-aided channel estimation benefits significantly from diversity combining.
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I. INTRODUCTION
A LMOST a decade ago, code division multiple access (CDMA) was proposed as a second-generation access technology for mobile radio systems [1] . In that system, the uplink (reverse link) employed m-ary orthogonal modulation with noncoherent receiver detection [2] . Third generation mobile radio systems based on CDMA, such as the Universal Mobile Telecommunication System 3GPP (3rd Generation Partnership Program) Wideband CDMA [3] and IS-2000 [4] , include a pilot channel on the uplink to aid in the channel estimation and other demodulation functions. A comparison between timemultiplexing a pilot symbol stream and having a separate pilot code channel was investigated in [5] . A channel estimation filter structure was proposed in [6] for a CDMA system with time-multiplexed pilot symbols and an analysis of a binary phase shift keying (BPSK) CDMA system with pilot-aided channel estimation appeared in [7] . Iterative channel estimation methods using the output of a MAP decoder were described in [8] - [12] . The problem of joint multiuser detection and channel estimation was addressed in [13] using the expectationminimization and space-alternating generalized expectationmaximization algorithms. A data-aided technique was used in [14] to improve the estimate of the signal-to-interference ratio, but it did not address the improvements on the overall receiver. In this paper, we first analyze the effect of channel estimation error on the decoder soft metric and evaluate the maximum possible gain that any improvement in the channel estimation can provide. Then, we present a technique that improves upon the pilot-aided channel estimate by employing tentative decisions on the data, hence, effectively extending the pilot duration. Unlike the techniques in [8] - [12] that require the output of the decoder, which in turn increases the overall latency in the decoding, the data-aided channel estimation scheme proposed here is a low-latency approach. The schemes in [8] - [12] also require large memory requirements due to the deinterleaving process. On the other hand, the data-aided channel estimation scheme presented in this paper operates on the raw demodulator output and therefore avoids additional delay and does not require a large memory. A design based on this approach results in a receiver that is easily scalable with the number of users, an important benefit in system design and implementation.
The rest of the paper is organized as follows. Section II describes the CDMA system model. The notation used throughout the paper is shown in Section III. Section IV shows the analytical framework for deriving the potential gains from dataaided channel estimation. The computer simulation results in Section V show an overall gain of up to 1.5 dB in information bit energy-to-noise (E b /N o ) at 1% block-error rate (BLER) performance of a 3GPP Wideband CDMA link. The simulation results are presented for multipath channel conditions and the link parameters specified in [15] . The effect of symbol errors on the performance of data-aided channel estimation is described in Section VI. The hang-up condition is discussed in Section VII. Finally, Section VIII has some concluding remarks.
II. UPLINK CDMA SYSTEM MODEL In 3GPP [3] , the uplink-transmitted signal from the user equipment takes the form shown in Fig. 1 . The figure illustrates the principle of uplink spreading. There are two channels: the dedicated physical control channel (DPCCH), which carries pilot and other control symbols, and the dedicated physical data channel (DPDCH), which carries the encoded information. The DPCCH is spread to the chip rate by the channelization code W 0 , while the DPDCH is spread to the chip rate by the channelization code W d . After channelization, the real-valued One-sided noise plus interference power spectral density. Note that in 3GPP N C + N P = 10, N D = 10 × (G P /G D ), and G P = 256.
IV. CHANNEL ESTIMATION
In this section, the conventional pilot-aided channel estimation technique is briefly described first. Second, the signal-tonoise ratio (SNR) of this estimate is derived and its effect on the SNR of the soft symbols that form the input to the forward error-correction (FEC) decoder is analyzed. Finally, based on this analysis, the maximum potential gain that any improvement in the channel estimation algorithm can provide is estimated.
A. Conventional Estimation
The uplink channel estimation processing may be described in terms of the despread pilot symbols. After descrambling (i.e., multiplying by the conjugate of the scrambling code) and applying the channelization code W 0 the ith pilot symbol in the sth time slot for the lth finger is given by
where i = 1, 2, . . . , N P and v i,l is the contribution due to noise and interference. For CDMA systems, this term may be modeled closely by a zero-mean Gaussian random variable (RV) with variance G P N o . The despread pilot values are summed to produce the sth slot average given by
where s = 0, 1, . . . , S − 1. These slot averages are fed into a WMSA [6] noncausal channel estimation filter that spans over S slots. The output of the WMSA filter forms the following slot rate channel estimate
where a − S/2 , . . . , a 0 , . . . , a S/2 are the filter coefficients that may be optimally chosen based on knowledge of the channel correlation properties including the maximum Doppler frequency. Here, equal weights are assumed for simplicity. By interpolating the sequence h s,l , the ith symbol channel estimate may be modeled as
where n i,l is the imperfect channel estimation error, which is a zero-mean Gaussian RV with variance σ (4) and (5), the SNR of the pilot-aided channel estimate can be expressed as
B. Pilot-SNR Bound
It can be seen from (5) that the SNR of the channel estimate depends on the number of symbols used in the channel estimation process and the span of the channel estimation filter, namely SN P . The pilot-channel SNR can be improved by using information available to the uplink receiver, namely the received additional DPCCH and DPDCH symbols. These symbols can be treated as pseudopilot symbols. Using the result in (5), a bound on the maximum achievable channel-estimate SNR improvement 3 by using additional bits on the DPCCH, DPDCH bits, and combined DPCCH and DPDCH is shown in Table I . Note that these improvements in the pilot SNR assume perfect detection of the modulated bits. Therefore, these results are upper bounds on the possible improvement in channelestimate SNR. The table assumes a pilot-to-data power ratio of −2.7 dB, which is typical for the 12.2 kb/s adaptive multirate voice service [15] .
C. Soft-Symbol SNR Bound
The despread and channel corrected DPDCH symbols form the soft-symbol input to the FEC decoder. Thus, performance of the FEC decoder depends upon the SNR of these softsymbols. A better channel estimate improves the soft-symbol SNR, thereby improving the decoder performance. In what follows, we examine the effect of the channel-estimate SNR of (5) on the SNR of the soft symbols.
After descrambling and applying the channelization code W d , the ith despread traffic data channel symbol on the lth finger is given by
where u i,l is the contribution due to noise and interference, which can be modeled as zero-mean Gaussian RV with variance σ
Therefore, the SNR of the despread data symbol on the lth finger is given by
Note that the gain values on the data and the pilot channels are related by 4 
For BPSK and quadrature phase shift keying, the maximum likelihood detector computes the following soft decision metric:
Re y
3 These pilot SNR improvements do not translate dB into dB for the decoded information E b /No improvement. 4 These gains are defined by Ap = β/1 + β and which can be written as
where
Therefore, the SNR of the soft symbols is given by
For L = 1, i.e., a single finger, (11) can be simplified to
Substituting for A and B yields
In case the channel estimate was perfect, i.e., n i → 0, then the soft-symbol SNR is simply given by
The relative improvement in the soft-symbol SNR due to an ideal channel estimate as compared to a practical estimate is given by
Note that
Therefore, (15) can be written as
Fig . 2 shows this soft-symbol SNR improvement ξ as a function of pilot channel-estimate SNR. The figure shows that as the pilot channel-estimate SNR increases, the potential improvement in the data-symbol SNR decreases.
, where E b is the information bit energy, W is the chip rate, and R b is the information bit rate. Therefore, the pilot channel estimate SNR may be expressed (on a decibel scale) as
where E b /N o is the information bit-to-noise ratio. For example, in 3GPP, W = 3.84 MHz and for an R b = 12.2 kb/s voice service with β = −2.69 dB and E b /I o = 2.75 dB [15] , γ P = 9.85 dB.
It follows from Fig. 2 that for γ P = 9.85 dB, the potential improvement in the uncoded symbol SNR is about 0.5 dB. Fig. 3 shows a plot of the SNR of the pilot-aided channel estimate γ P versus the information bit rate. It can be seen from the figure that, in general, γ P increases with the information bit rate. The figure also shows that there are effectively two regions of pilot SNR: a high SNR region and a low SNR region. In the low SNR region, the channel estimate will be weak and therefore, the potential of improving the soft-symbol SNR will be large. This region is also the one where typically low bit-rate services are used. Therefore, any method to improve channel estimation, such as data-aided channel estimation, will typically be used for services below a critical data rate, e.g., 64 kb/s, which can be seen from the plot in Fig. 3 .
As pointed out above, γ P increases with the data rate, however note that γ P is almost flat when going from 64 and 144 kb/s. Two opposing effects take place here, one is that the pilot-to-data power ratio gets smaller for 144 kb/s relative to the 64 kb/s case that tends to decrease γ P , and simultaneously there is a reduction in the E b /I o for the high bit rate due to the Turbo code interleaver gain that tends to increase γ P . These two effects offset each other and lead to the flat portion of the curve.
D. Data-Aided Channel Estimation
In data-aided channel estimation, additional bits are used in the channel estimation process. A decision-directed approach is applied on either the DPCCH or DPDCH bits, as shown in the later sections. Revisiting the model and simplifying the notation, the despread values for the lth finger are given by
where y i,l is assumed to be independent identically distributed 5 is given by
is the probability density function of n i,l . Assuming that the noise process n i,l is zero-mean Gaussian distributed, then the log-likelihood function may be rewritten as
where Γ is a constant that depends on the noise variance only. Maximizing the function in (21) is equivalent to solving the following joint least-squares minimization
Minimization of the summation term in (22) is accomplished by minimizing the individual terms contributing to that sum. This minimization is broken into two steps. In the first step, it is assumed that the channel estimate c i,l is known (or estimated using the pilot symbol sequence), therefore, the least meansquare estimate of the data bit x i is sought after. In the second step, the best estimate x i is used to improve the estimate c i,l . Note that this is different than the maximum likelihood sequence estimation procedure used in [16] for an intersymbol interference channel.
After multiplying with the channel estimate and diversity combining across the L fingers, the demodulator output for BPSK is z i = L l=1 Re(ĉ * i,l y i,l ), which may be rewritten as
The minimum mean-square estimate 5 The assumption of independence is valid for the data symbols x i and the noise terms n i . Note that for a fading channel the coefficients c i are typically correlated. However, the case of high Doppler frequencies coupled with the fact that interleaving over a frame duration (10 or 20 ms) has occurred makes the independence assumption reasonable. 
, which for Gaussian distributed noise can be shown [17] to reduce tô
where σ 2 w is the variance of w i . Note that (23) shows that the soft symbol z i is scaled by the signal-to-noise ratio before a decision is made. Furthermore, the reliability of the soft decision onx i is improved since it is made after diversity combining. This estimate of the data bit delivers a soft value as compared to a hard decision, which is given by the two-valued sgn(·) functionx
Note that the MMSE in (23) allows the data bit estimatex i ∈ R rather than restricting the estimate to belong to the data bit alphabet.
In the second step, the slot average is updated as
wherex i is defined in (25) and a new channel estimate is obtained by applying the new slot average sequence r s,l to the original WMSA filter followed by interpolation. A block diagram of the base band processing of the proposed data-aided channel-estimation receiver is shown in Fig. 4 . For the lth finger, the pilot symbols are extracted from the received DPCCH data stream and a slot average is computed according to (2) . This slot average, together with previously computed slot averages filtered by the WMSA filter, produces a pilot-only based channel estimateĉ i,l . This forms the first stage of channel estimation and is termed pilot-only channel estimation. Note that for fast-fading channels, the estimates from the WMSA are further linearly interpolated to the DPDCH symbol rate. The DPCCH despread symbols delayed by D 1 slots (to account for the noncausal WMSA filter delay) are then channel corrected, i.e., multiplied byĉ * i,l . Thus, in effect, the channel estimate is applied noncausally to the despread symbols. The DPCCH data symbols from all fingers are channel corrected and maximal ratio combined to yield soft symbols z i . In the second stage of channel estimation, the soft-symbols z i are mapped to tentative MMSE soft decisions shown in (23). These decisions are used to remove the modulation from the DPCCH symbols (delayed by D 1 slots) . This prompts the pseudopilots to compute an improved channel estimate. A slot average is computed from these pseudopilot symbols, which are combined with the pilotonly slot average delayed by D 1 slots, to obtain a new slot average. The WMSA filter processes these slot averages to yield an improved channel estimate. Note that this channel estimate is based on pilot and DPCCH data symbols and is termed as the DPCCH-aided channel estimate. This DPCCH-aided channel estimate is used to channel correct DPDCH data symbols delayed by D 1 + D 2 slots, i.e., it is applied noncausally to DPDCH data delayed by D 2 slots. Similarly, the DPDCH data symbols from all fingers are all channel corrected and maximal ratio combined to yield soft symbols. At this point, these DPDCH soft symbols can be used as inputs to the FEC decoder or to perform a third stage of channel estimation. This third stage of channel estimation, termed DPDCH aided, further improves the channel estimate of the second stage. In this third stage, the receiver maps the DPDCH soft symbols delayed by D 1 + D 2 slots into tentative MMSE decisions, which are then used to remove the modulation from the DPDCH data symbols delayed by D 1 + D 2 slots. This prompts the pseudopilots to compute an improved channel estimate. A slot average is computed from these pseudopilot symbols, which are combined with the pilot-and DPCCH data-based slot average delayed by D 1 + D 2 slots, to yield a new slot average. These slot averages are filtered by the WMSA filter to yield a DPDCH-data-aided channel estimate. This estimate is used to noncausally channelcorrect DPDCH data symbols delayed by D 1 + D 2 + D 3 slots. Outputs from all fingers are then maximal-ratio combined to yield the final soft decisions that are input to the FEC decoder.
Note that the tentative MMSE decisions can be replaced by hard decisions for simplicity, but with a small loss in terms of link performance.
V. SIMULATIONS
In this section, we present numerical results that compare the performance of the various data-aided channel estimation algorithms proposed in Section IV-D with that of a pilot-only based channel estimation. The system simulation model is that of a 3GPP link in [18] and [15] and describes the encoding (Convolutional and Turbo) and encoding rate, as well as the channel interleaving and rate-matching blocks. The simulation [15] parameters are listed in Table II . The effect of channel estimation was examined assuming that all other signal parameters such as timing and frequency errors are perfectly known to the receiver.
A. Channel Models
Three types of channel models were used in this study. The models were selected to reflect the potential bounds on the performance improvements when using data-aided channel estimation. The three channels are static, flat, and multipath. The first channel model is the static channel, where there is a single path per diversity antenna and this path is constant throughout the simulation. The second case is the flat-fading channel model. In this case, there is a single path per diversity antenna that is fading with a mobile speed of 120 km/h. The third channel model (described in [15] ) is a multipath channel with four multipath power levels of 0, −3, −6, and −9 dB per antenna. As can be seen in this model, some multipaths are weak and therefore the quality of the channel estimates based on fingers locked to these multipaths will be poor.
B. Performance Results
Figs. 5 and 6 plot the performance for the 12.2 kb/s uplink reference channel of [15] . Fig. 5 compares the BLER achieved with various channel estimation algorithms for a static additive white Gaussian noise channel. Data-aided estimation leads to a slight (0.2 dB at 1% BLER) improvement over the pilot-aided only estimation. Under these conditions the pilot-only based estimate can be improved by simply increasing the averaging duration, i.e., by expanding the channel estimation filter span, since the channel is a constant for all symbols. However, under fading conditions with a large Doppler frequency, the pilotaided only estimate cannot be arbitrarily improved by simply increasing the averaging window. Under such conditions, data-aided estimation becomes more advantageous as it allows averaging over more samples of the channel within the channel coherence time. Fig. 5 also compares the performance at 120 km/h for a flat-fading channel. The performance advantage of data-aided estimation is around 0.5 dB at 1% BLER. As pointed out in Section IV-D, the quality of the data-aided channel estimate depends on the quality of the estimation of the pseudopilot symbols, i.e., on the bit error rate (BER) of the pseudopilot symbols. The presence of diversity will, in general, reduce the postcombiner BER of the pseudopilot symbols. Hence, it may be expected that the advantage of data-aided estimation over pilot-only based estimation will be larger for a multipath fading scenario as compared to a flat-fading scenario. This trend is illustrated in Fig. 6 , which compares the performance of the various schemes at 120 km/h for the multipath channel model defined as Multipath Case 3 in [15] . For this channel, data-aided estimation leads to a significant improvement in system performance of around 0.9 dB at 1% BLER. The reason for this large improvement is that weak fingers (such as the multipath at −9 dB) will have a degraded channel estimate. However, due to the diversity effect, the data symbols can be detected with better reliability, thus improving the quality of the pseudopilot symbols. The Multipath Case 3 channel model was also used with a case where the user speed was 3 km/h. This model led to gains of 0.34 and 0.94 dB over the pilot-only estimation for the DPCCH and DPCCH plus DPDCH symbols, respectively.
The performance advantage of the data-aided channel estimation scheme is sensitive to the number of pilot symbols per TABLE III  PERFORMANCE GAIN OF DATA-AIDED SCHEMES FOR A 6-BIT PILOT-ONLY  CHANNEL ESTIMATION AT 1% BLER FOR DIFFERENT 3GPP INFORMATION  RATES IN A MULTIPATH CASE 3, 120 km/h FADING CHANNEL [15] slot. As the number of pilot symbols decrease, the performance advantage of the data-aided channel estimation over pilot-only estimation would increase, provided the quality of the initial pilot-aided estimate is sufficient to obtain a low enough BER on the pseudopilot symbols. Table III compares the performance of the various schemes for the 120 km/h multipath channel model defined as Case 3 in [15] with N p = 4. From Table III , it is clear that data-aided estimation leads to a larger gain (around 1.5 dB at 1% BLER) over pilot-only estimation.
Figs. 7-9 show the performance of the 64, 144, and 384 kb/s uplink reference channel of [15] for N p = 6 in the Multipath Case 3 channel, respectively. The results shown in these figures are consistent with theory of Section IV-C. It can be seen that as the data rate increases, the gain from data-aided channel estimation decreases. Table III shows the performance improvements of a data-aided channel estimation system over a pilot-only channel estimation. The improvements are compared at the 1% BLER operating point. The tables show that for 384 kb/s there is a small improvement in E b /N o (only 0.3 and 0.4 dB) when using DPCCH and DPCCH plus DPDCH symbols, respectively. Similarly for 64 kb/s, the tables show 0.4 and 0.7 dB relative improvements when using DPCCH and DPCCH plus DPDCH symbols, respectively. Note that the higher bit rate services use Turbo codes and therefore have improved performance due to the Turbo-interleaver gain [19] . By comparing the performance curves in Figs. 6 and 9, it can be seen that the overall E b /N o is significantly lower for the 384 kb/s case relative to the 12.2 kb/s that uses Convolutional code.
However, note that for 144 kb/s, the relative improvements due to data-aided channel estimation are large as can be seen from Table III . In this case, two effects have taken place: 1) the overall E b /N o has improved due to the Turbo-interleaver gain; and 2) the pilot-to-data ratio was decreased. Both of these effects reduce the pilot SNR, causing the pilot-only channel estimate to be weak and leaving more room for improvement due to data-aided channel estimation.
VI. EFFECT OF SYMBOL ERRORS ON DATA-AIDED CHANNEL ESTIMATE
Given a number of data symbols (pseudopilot symbols) available to aid the estimation, the performance is upper bounded by the limiting case when all of these symbols are detected error free. In general, symbol errors reduce the gain of dataaided estimation over the pilot-only case. In this section, an analysis of the effect of symbol errors on the channel estimate is provided. A modified algorithm that attempts to maximize the quality of the estimate for a given symbol error rate (SER) of the pseudopilot symbols is derived.
For simplicity, consider only DPCCH-aided estimation. From (2), the slot average of the pilot-only based channel estimate is given by
where c is the slot rate estimate of the channel for one of the paths and w P is a zero-mean Gaussian RV of variance N P G P N o . The channel estimate obtained from filtering these slot averages is used to demodulate the data bits to obtain bit estimatesx i . For simplicity, assume hard decisions, hence,
Let P e be the BER on the DPCCH data symbols x i . Then, the RV x i ·x i takes values +1 and −1 with probabilities (1 − P e ) and P e , respectively. Thus, the expected value of the DPCCH data-aided part of the slot average is given by
where w c is a Gaussian variable of variance N C G P N o . It follows from (27) that the effect of bit errors is to decrease the contribution of the signal term to the updated slot average, while the contribution to the noise power remains unchanged. This suggests that the updated slot average must be formed by a weighted sum of pilot-based and data-aided slot averages, i.e., r s = r s + αr s,C , where α is the weight. The optimum weight can be determined by maximizing the SNR of the updated slot average. The updated slot average is therefore given by
Using (28), the SNR of the updated slot average is given by
After some simple manipulation, we arrive at (30), shown at the bottom of the next page.
Recognizing that and
Substituting (31) and (32) into (30), the SNR of the updated slot average is now expressed as in (33), shown at the bottom of the page. Equation (33) can be used to obtain the optimum α opt that maximizes γ. This maximization was done numerically since a closed-form solution to the optimum α opt is cumbersome to obtain. This motivates the use of a simple analysis to get α opt . To that end, define a new form of the SNR as
Taking the derivative of γ in (34) with respect to α and setting it to zero and solving for the optimum α results in
which turns out to be very close to the exact value obtained by numerically maximizing γ in (33). Define the ratio
as a measure of the gain of the optimally weighted slot average over an equally weighted average. Fig. 10 plots this ratio using the approximate α opt = (1 − 2P e ) and the exact α opt obtained by numerically maximizing γ. It follows from the plots in Fig. 10 that using α opt = (1 − 2P e ) instead of the exact α opt , we still achieve the gain of the optimally weighted algorithm. Note that although the underlying P e cannot exceed 0.5, the error rate of a given received sequence of pseudopilots can in fact take values in [0,1]. Hence, it makes sense to consider the gain for 0 ≤ P e ≤ 1, as in Fig. 10 . To summarize, in general the updated slot average for the data-aided channel estimation case is given by r s = r s + α C r s,C + α D r s,D , where α C and α D are the optimum weights based on the error rate on the DPCCH and DPDCH, respectively, and r s,C and r s,D are the slot averages based on the DPCCH and DPDCH, respectively. A simple and practical method for computing the optimum α C is by computing the error rate of the pilot symbols on the DPCCH. Similarly, the DPDCH SER may be inferred from the pilot SER given knowledge of the spreading factors on the two channels, the pilotto-data ratio, number of fingers locked by the rake receiver, and the relative gains of the paths. Note that the simulations in Section V used equal weighting of the slot average updates.
VII. HANG-UP PROBABILITY
As seen from Section VI, as the SER increases, the benefit from the data-aided channel estimation decreases. The hang-up 6 is the condition where SER reaches a critical value, and any further increase in the SER degrades the performance of data-aided channel estimation relative to the pilot-only channel estimation. We define the hang-up probability as that SER at which the slot average SNR using the pilot symbols only equals the updated slot average SNR using both pilot and data symbols. Considering the DPCCH aided estimation only as an example, the hang-up condition is given by
Solving for the SER, the hang-up probability is given by
Using as an example the values of N P = 6 and N C = 4, then using (38), P e = 0.28. In all the cases simulated shown in the paper and for all practical regions of E b /N o , the SER is less than 0.15 and therefore the data-aided channel estimation algorithm never reaches the hang-up condition.
VIII. CONCLUSION
In this paper, the impact of pilot-channel SNR on the softsymbol SNR of a Wideband CDMA link that employs a pilotaided channel estimate has been studied. This analysis is then utilized to derive the maximum possible gain in the softsymbol SNR that could result from any improvement in the channel-estimation algorithm. A data-aided channel-estimation algorithm that improves the quality of the channel estimate over a pilot-only aided algorithm is presented. The proposed scheme 6 Note that the definition of hang-up here is slightly different than that in [20] . makes tentative MMSE decisions on the DPCCH and/or the DPDCH data symbols and utilizes these tentative decisions as pseudopilot bits to effectively extend the duration of the pilot sequence. This improves the quality of the channel estimate and ultimately that of the SER performance. Simulation results for a Wideband CDMA link with data rates of 12.2, 64, 144, and 384 kb/s are presented that show improvement of up to 1.5 dB in the system BER over a pilot-aided-only scheme. The gain depends upon system parameters like information bit rate and number of pilot bits, and on channel characteristics like Doppler frequency and multipath profile. The effect of errors in the tentative decisions on the quality of the data-aided estimate is also presented, and a scheme that utilizes a weighted combination of the data-and pilot only-aided estimates is discussed.
